Carbon capture and storage (CCS) is a key technology for greatly reducing CO 2 emissions in the long term, and therefore a low-energy CCS process needs to be developed. This study focused on the solid absorption process using basic oxide, and thermodynamically examined the carbonation abilities of various basic oxides and compounds containing CaO, BaO or Li 2 O. The CO 2 absorption and desorption behavior of these materials containing alkali earth metal oxides was investigated by measuring the weight change over a wide range of temperatures from room temperature to 1 100°C in CO 2 atmosphere. It was experimentally confirmed that the partial pressure of CO 2 equilibrated with both Ba 2 TiO 4 and BaCO 3 was higher than that equilibrated with both BaO and BaCO 3 . The formation of compound increased the equilibrium partial pressure of CO 2 and lowered the starting temperature of CO 2 desorption.
Introduction
To curb global warming, it is important to reduce the emissions of CO 2 , which is a major greenhouse gas. Since it is difficult for industries which use energy to reduce CO 2 emissions, innovative technologies for carbon capture and storage (CCS) 1) are required. The CO 2 removal process consists of three steps: capture, transportation and storage. The energy efficiency of CO 2 capture determines the efficiency of the whole CO 2 removal process, because the energy cost for capturing CO 2 is an influential factor for total cost of CCS. The conventional CO 2 separation methods are summarized in Table 1 based on previous reports, 1, 2) some of which have already been examined on an industrial scale. Many researches on the chemical absorption method for CO 2 generated from power plants and steelmaking plants were carried out using liquid absorbant. [3] [4] [5] [6] [7] Other methods such as absorption, 8, 9) adsorption, [10] [11] [12] the membrane method using a polymer film [13] [14] [15] or molecular sieve, 16, 17) and cryogenic distillation method 18) have also been reported. However, a disadvantage of these methods is that large equipment and much energy are required in order to capture a large amount of CO 2 .
Since CO 2 emissions in steel works 19) come from various sources, a variety of carbon capture and condensation technologies must be examined for the iron and steelmaking process. The solid absorption method is expected to have a large mass capacity for CO 2 separation, and is superior in cost and handling compared with liquid absorption meth-ods. 20) Alkaline metal oxides and alkaline earth metal oxides, which easily react with CO 2 to form carbonates, are candidates for solid CO 2 absorbent. However, alkaline metal oxides and alkaline earth metal oxides are easily hydrated, so the hydration reaction must be prevented. It is possible to prevent hydration as well as control CO 2 reactivity by forming an oxide compound, because the partial pressures of H 2 O and CO 2 are controlled in equilibrium with an oxide compound. To achieve this, various basic oxide compounds such as Ba 2 TiO 4 , 21) alkaline metal metasilicates, 22) lithium orthosilicate, 23) Li 4 TiO 4 24) and potassium-doped Li 2 ZrO 3 25) as CO 2 absorption materials were examined. A schematic diagram of the CO 2 absorption and desorption loop of solid absorbent is illustrated in Fig. 1 . After the basic oxide MO is changed to carbonate MCO 3 by CO 2 absorption, the carbonate should be returned to the original oxide by CO 2 desorption using a thermal and/or pressure swing method, because it is important to recycle the absorbent to save resources and conserve energy. However, the CO 2 desorption behavior and cyclicity of CO 2 absorption and desorption have not previously been studied for basic oxide compounds. Moreover, the phase relation between compounds is sometimes disregarded when deriving the reaction equation, and thermodynamic considerations have not been reported because the standard free energy change of the carbonation of oxide compounds had not been published previously. In the present study, the standard free energy change, DG°, of the reaction between oxide compound and CO 2 is derived using the free energy, G, of respective materials given in a thermodynamic database. Then, the CO 2 absorption and desorption capabilities of alkaline metal oxide and alkaline earth metal oxide and their compounds are discussed thermodynamically, and the CO 2 absorption and desorption behaviors are examined experimentally.
Experimental
BaO, CaCO 3 , SrCO 3 , and MgCO 3 reagents were used for preparing specimens. CaO, SrO and MgO were prepared by the decomposition of CaCO 3 , SrCO 3 and MgCO 3 at 1 400°C, respectively. Ba 2 TiO 4 was prepared as follows. The reagents of BaO and TiO 2 were weighed in the stoichiometric ratio and mixed. The mixture was pressed into a cylindrical shape and fired at 1 500°C for 10 h. The specimen was crushed, pressed and fired at 1 500°C for 10 h again. The obtained Ba 2 TiO 4 was crushed and classified into the desired particle size by sieving.
A TG-DTA was used to measure the weight change of specimens during carbonation and decarbonation. A continuous flow of decarbonated high purity Ar, dehydrated CO 2 or mixture of Ar/CO 2 gas at 100 mL/min was used to control the atmosphere. A sample of about 10 mg was charged in a platinum crucible (f5 mmϫ2 mm), and installed in the furnace of the TG-DTA. The sample was heated from room temperature to an arbitrary temperature at a rate of 2 to 20°C/min.
Results and Discussion

Thermodynamic Consideration of the CO 2 Absorption of Basic Oxide
The carbonation of alkali metal oxide and alkaline earth metal oxide is expressed by the following reaction: where P CO 2 denotes the CO 2 partial pressure, DG 1°t he free energy change of reaction (1), R the gas constant and T the absolute temperature.
The equilibrium partial pressure of CO 2 when M x O and M x CO 3 coexist is shown in Fig. 2 . It is found that the CO 2 pressure is low in the order of K, Na, Ba, Li, Ca and Mg. The alkali metal carbonates such as K 2 CO 3 and Na 2 CO 3 are so stable that K 2 O and Na 2 O do not exist in nature, and so their lines in Fig. 2 represent virtual values. The high stability of carbonate is thermodynamically advantageous for CO 2 adsorption, but disadvantageous for CO 2 desorption.
As shown in Fig. 2 , both alkaline metal oxide and alkaline earth metal oxide easily react with CO 2 to form carbonate. However, it is well known that these oxides also easily react with water to form hydroxide. The hydration reaction of alkaline metal oxide is given by: The H 2 O pressure when M 2 O and MOH coexist is shown in Fig. 3 . At P H 2 O ϭ2.3ϫ10 Ϫ2 atm, which is the saturated water vapor pressure at 20°C, 27) not LiOH but Li 2 O is stable above 472°C, while KOH and NaOH are stable instead of K 2 O and Na 2 O, respectively, at 1 000°C or more. Consequently, the candidate for CO 2 adsorbent is Li 2 O under normal conditions. It is expected that the hydration of alkali metal oxide can be prevented by lowering the activity of alkali metal oxide, which can be obtained by the formation of alkali metal oxide-acidic oxide compound.
CO 2 Absorption with Alkaline Earth Metal Oxide
The carbonation behavior of alkaline earth metal oxide was estimated by the change in weight of CO 2 . The variation of weight change of alkaline earth metal oxide (grain sizeϭ50-100 mm) in CO 2 atmosphere is shown in Fig. 4 . The weights of BaO and CaO increase significantly with increasing temperature, and that of SrO increases slightly above 800°C, while MgO does not show any weight change. Although the decomposition temperatures of SrCO 3 is 1 158°C 28, 29) from thermodynamic calculation, the reaction rate of SrO is low. Consequently, it is presumed that the rate of carbonate reaction of SrO is low below 1 000°C. Since the decomposition temperatures of MgCO 3 is 400°C, 28, 29) MgCO 3 decomposes before MgO carbonation is enhanced. BaO absorbs CO 2 at 300°C sharply, while CO 2 desorption does not occur even at 1 100°C, because BaCO 3 decomposes at 1 432°C 26) as shown in Fig. 2 . It might be considered that the gradual decrease in the reaction ratio of BaO above 320°C is caused by the elimination of the moisture combined with BaO. Moreover, the reaction ratio of CaO increases gradually from a lower temperature and reaches the maximum value of 0.7 at 890°C under the present experimental conditions. Then, the sample weight decreases rapidly above 900°C, and CaCO 3 decomposes completely at 930°C. It is therefore expected that the reaction rate of carbonation and decomposition could be increased by increasing the surface area by pulverizing the specimen.
The behavior of repeated CO 2 absorption and desorption of CaO was examined between room temperature and 1 000°C in CO 2 atmosphere, with the results as shown in Fig. 5 . The left axis indicates the reaction ratio calculated by the initial sample weight (10.133 mg). It can be seen that the sample weight after the first CO 2 desorption has decreased by 33%. Since this decrement might be caused by the decarbonation and dehydration of the CaO sample, the CaO sample weight was corrected to 7.462 mg. The right axis indicates the reaction ratio calculated using this corrected sample weight. The first CO 2 absorption begins at 400°C, and then the CO 2 desorption begins at 905°C. The second CO 2 absorption begins at 680°C during cooling. The maximum reaction ratio after the first CO 2 absorption © 2010 ISIJ is 67%, but it becomes smaller as the number of cycles increases. This phenomenon is considered to be caused by the decrease of surface area due to the sintering of CaO powder. Baker, 30) Abanades et al. 31) and Florin and Harris 32) examined the multi-cycle reactivity of CaO for CO 2 capture, and concluded that the decrease in reactivity through multiple reaction cycles was caused by CaO sintering.
CO 2 Absorption with Alkaline Metal Hydroxide
As described in Sec. 3.1, alkaline metal oxide easily reacts with water and changes to hydroxide. Mosqueda et al. 33) used a commercial reagent, Li 2 O, for the CO 2 absorption experiment, and found that the weight of Li 2 O decreased by about 2% after the first 10 min of isothermal heating at 300-600°C. It is well known that a pure alkaline metal oxide such as K 2 O and Na 2 O cannot exist in nature. Therefore, we used alkaline metal hydroxide instead of alkaline metal oxide for the comparison of CO 2 absorption behavior in this study. The commercial lithium hydroxide reagent is LiOH · H 2 O powder, with an average grain size of 180 mm measured by optical microscopy, while commercial KOH and NaOH reagents are granular. It was difficult to classify the grain size of the latter reagents by crushing and sieving because of their deliquescence.
When considering energy conservation in an actual process, as low a temperature as possible is preferred. Since the melting points of LiOH, NaOH and KOH are 473, 320 and 400°C, 27) respectively, a CO 2 absorption experiment was carried out at 110°C. A powder lithium hydroxide reagent of about 10 mg was heated at 110°C for 30 min in Ar atmosphere to remove H 2 O, then CO 2 was introduced into the furnace. The variation of reaction ratio calculated from the change in sample weight with time is shown in Fig. 6 . For comparison, the results obtained by using granular KOH and NaOH reagents are also shown. The reaction ratio of LiOH is found to be significantly higher than those of KOH and NaOH, nevertheless K 2 O and Na 2 O are more reactive with CO 2 than Li 2 O in Fig. 2 . The reason for this discrepancy can be explained by the difference of sample grain size. The surface area of granular reagent is much smaller than that of powder. It is also presumed that alkaline metal carbonate forms only on the surface of solid hydroxide, and does not diffuse into the intergranular part at 110°C.
Thermodynamic Consideration of the CO 2 Absorption of BaO Compound
For a CCS material, a small difference of temperature between CO 2 absorption and desorption, and a high rate of those reactions are desired. It is clear from Fig. 4 that BaO easily absorbs CO 2 , but the decomposition of BaCO 3 progresses hardly. The decrease of BaO activity caused by the formation of BaO compound using SiO 2 , ZrO 2 , TiO 2 and Al 2 O 3 increases the partial pressure of CO 2 in BaO compound/BaCO 3 equilibrium, and decreases the CO 2 desorption temperature. By referring to the equilibrium phase relation in the phase diagram of the binary BaO-oxide system, the carbonation reactions of BaO compound with high BaO content can be estimated. From the least squares method using the free energies of BaO compound, CO 2 and BaCO 3 in the temperature range of 750-1 100°C, the fol-lowing equations are derived: The equilibrium partial pressures of CO 2 calculated by DG 5°t o DG 8°a re shown in Fig. 7 . The decomposition temperature of BaCO 3 is lowered from 1 432°C to 650°C at P CO 2 ϭ1 by the formation of BaO compound with SiO 2 and ZrO 2 , and becomes 1 000°C and 1 090°C in Eqs. (7) and (8), respectively. Although other compounds with lower BaO concentration are present in the phase diagrams for those binary oxide systems, the free energy data of those oxide compounds are limited. However, it is concluded that the equilibrium CO 2 partial pressure can be controlled by controlling the composition of BaO compound, and a decrease of BaO concentration in BaO compound lowers the decomposition temperature.
CO 2 Absorption with Ba 2 TiO 4
The synthesized Ba 2 TiO 4 powder (grain sizeϭ200 to 250 mm) was heated at a rate of 5°C/min in CO 2 atmos-© 2010 ISIJ phere. According to XRD analysis, BaTiO 3 and BaCO 3 are identified in the sample after CO 2 absorption, so it can be assumed that the weight change of Ba 2 TiO 4 is caused by Eq. (7). Saito et al. 21) also supposed Eq. (7) for the CO 2 absorption of Ba 2 TiO 4 . The variation of weight change and reaction ratio of Ba 2 TiO 4 with temperature are shown in Fig. 8 . The CO 2 absorption begins at 400°C, and the reaction ratio, which is evaluated based on Eq. (7), becomes unity at about 600°C. The result for BaO is also given in Fig. 8 for comparison. The temperature at which Ba 2 TiO 4 starts to absorb CO 2 is about 100°C higher than that of BaO. The absorption rate of Ba 2 TiO 4 is lower, but the ultimate reaction ratio of Ba 2 TiO 4 is almost unity and is higher than that of BaO (0.44 at 430°C). Saito et al. 21) described that the drastic weight change of Ba 2 TiO 4 began at 600°C in 5-100% CO 2 atmosphere at a heating rate of 10°C/min.
The reproducibility of CO 2 absorption and desorption behavior of Ba 2 TiO 4 was examined as follows. The sample was heated from room temperature to 1 000°C at a rate of 20°C/min in CO 2 , and then to 1 200°C at a rate of 2°C/min. The sample was held for 20 min at 1 200°C, and then cooled to 1 000°C at a rate of 2°C/min. Figure 9(a) indicates the variations of sample weight and temperature with time. It is found that the first CO 2 absorption and desorption begin at 400 and 1 140°C, respectively, and the second CO 2 absorption begins at 1 100°C. Saito et al. 21) observed CO 2 desorption from carbonated Ba 2 TiO 4 at 1 100°C in CO 2 atmosphere at a heating rate of 10°C/min. The equilibrium temperature of Eq. (7) is calculated as 1 004°C by using DG 7°. This contradiction will be solved by reexamining DG 7°. From the viewpoint of thermal energy cost, the small temperature difference between the desorption and absorption of CO 2 is favorable for a CCS material in a thermal swing process.
The sample weight after the second CO 2 absorption is smaller than that after the first CO 2 absorption, and that after decomposition is larger than the initial sample weight. Those phenomena are considered to be caused by the decrease of surface area due to the sintering of Ba 2 TiO 4 powder.
In order to clarify the influence of CO 2 partial pressure on CO 2 absorption and desorption, the atmosphere was changed to Ar-10%CO 2 . A Ba 2 TiO 4 sample was heated from room temperature to 900°C at a rate of 20°C/min in Ar-10%CO 2 , and then to 1 050°C at a rate of 2°C/min. The sample was held for 5 min at 1 050°C, and then cooled to 900°C at a rate of 2°C/min. The results are shown in Fig.  9(b) . The first CO 2 absorption and desorption begin at 400 and 950°C, respectively. The second CO 2 absorption is not observed above 900°C, because the equilibrium temperature of Eq. (7) at P CO 2 ϭ0.1 is calculated as 858°C by using DG 7°. Saito et al. 21) showed that the CO 2 desorption temperature became lower with decreasing partial pressure of CO 2 in the atmosphere. The experimental finding that the decomposition temperature at P CO 2 ϭ0.1 atm is lower than that at P CO 2 ϭ1 atm suggests that Ba 2 TiO 4 could be used in a pressure swing process.
Thermodynamic Consideration of the CO 2 Absorption of CaO Compound
The CO 2 desorption from CaCO 3 is so fast as shown in Fig. 4 that CaO compound is also a candidate for CCS material.
Ca 3 SiO 5 , Ca 2 SiO 4 , Ca 3 Si 2 O 7 and CaSiO 3 are the compounds of the CaO-SiO 2 binary system. 36) It is well known that Ca 3 SiO 5 can exist only above 1 250°C. Reactions of these compounds with CO 2 are represented by Eqs. (9) to (11) Partial pressures of CO 2 equilibrated with CaO compound and CaCO 3 are shown in Fig. 10 . The equilibrium CO 2 partial pressure increases and the decomposition temperature of CaCO 3 decreases in the case of CaO-SiO 2 and CaO-TiO 2 compounds compared with pure CaO, while the decomposition temperature in equilibrium of Ca 3 Al 2 O 6 / Ca 12 Al 14 O 33 /CaCO 3 is only slightly lower than that of CaO/ CaCO 3 . It is considered that the CO 2 absorption and desorption behavior can be arbitrarily controlled by choosing the phase relation between compounds.
Thermodynamic Consideration of the CO 2 Absorption of Li 2 O Compound
As mentioned in Sec. 3.1, the decomposition temperature of Li 2 CO 3 is lower than that of other alkaline metal carbonates, and the reactivity of Li 2 O with H 2 O is also lower than that of other alkaline metal oxides. On the other hand, the reaction ratio of LiOH with CO 2 was much higher than those of KOH and NaOH in Fig. 6 . Therefore, Li 2 O is considered to be a candidate for CO 2 46) The reactions of these compounds with CO 2 are represented by Eqs. (25) to (27) where DG°of Eqs. (25) to (27) cannot be also evaluated because of the lack of thermodynamic data. Rendón et al. 47) reported that DH of CO 2 absorption of Li 5 AlO 4 was 15.6 kJ/mol from Eyring's plots for the rate constant of CO 2 absorption. However, they assumed the reaction of CO 2 absorption to be 2/5 Li 5 AlO 4 ϩCO 2 ϭ1/5 Al 2 O 3 ϩLi 2 CO 3 , which was derived disregarding the phase relation in the Li 2 O-Al 2 O 3 system.
Conclusions
In order to create a novel solid CO 2 absorption material, a thermodynamic consideration was carried out for the carbonation of alkaline metal oxide, alkaline earth metal oxide and their compounds. The CO 2 absorption and desorption behavior of alkaline earth metal oxides and BaO-TiO 2 compound was investigated. The findings are summarized as follows:
(1) The hydrate of alkaline metal oxide is very stable. However, since Li 2 O is more stable than LiOH above 520°C, Li 2 O is a candidate for CO 2 adsorbent under normal conditions.
(2) BaO absorbed CO 2 above 300°C remarkably in CO 2 atmosphere, whereas CO 2 desorption was not observed even at 1 100°C. CaO began to react with CO 2 at room temperature in CO 2 atmosphere, and desorbed CO 2 quickly at 900°C.
(3) The reaction ratio of LiOH with CO 2 was much higher than those of KOH and NaOH.
(4) It was confirmed by thermodynamic calculations that the decomposition temperature of alkaline metal carbonate and alkaline earth metal carbonate became lower by the formation of compounds with SiO 2 , ZrO 2 , TiO 2 and Al 2 O 3 . The CO 2 desorption temperature of Ba 2 TiO 4 was experimentally found to be much lower than that of BaO.
(5) Ba 2 TiO 4 absorbed and desorbed CO 2 according to the reversible reaction of Ba 2 TiO 4 ϩCO 2 ϭBaCO 3 ϩBaTiO 3 .
